A given characteristic can arise independently multiple times during evolution, instead of being inherited from a common ancestor. For example, Thylacosmilus was a sabertoothed marsupial, but not a relative of the true saber-tooth cat that belonged to the placentalia. The independent evolution of a trait in different phylogenetic groups is known as homoplasy. Although the molecular mechanisms underlying homoplastic features are not understood well, several excellent studies have depicted how homoplastic characteristics can be acquired (Averof and Patel, 1997; Chen et al., 1997; Jeong et al., 2006; Prud'homme et al., 2006 
Introduction
A given characteristic can arise independently multiple times during evolution, instead of being inherited from a common ancestor. For example, Thylacosmilus was a sabertoothed marsupial, but not a relative of the true saber-tooth cat that belonged to the placentalia. The independent evolution of a trait in different phylogenetic groups is known as homoplasy. Although the molecular mechanisms underlying homoplastic features are not understood well, several excellent studies have depicted how homoplastic characteristics can be acquired (Averof and Patel, 1997; Chen et al., 1997; Jeong et al., 2006; Prud'homme et al., 2006) . For example, in various crustacean species, which belong to distantly related 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.08.001 orders, the independent loss of expression of Ultrabithorax and Abdominal A in the thoracic segments is responsible for the transformation of the thoracic legs to feeding structures (Averof and Patel, 1997) . Understanding homoplasy at the molecular level is important for learning how natural selection affects complex traits of organisms, such as their morphology.
The eggshell of Drosophila, which has various numbers of dorsal appendages (DAs), provides a good model for studying the mechanisms of evolutionary changes in morphology (Kambysellis and Craddock, 1997; Patterson and Stone, 1952; Perrimon and Duffy, 1998; Throckmorton, 1962) . DAs are specialized respiratory structures on the dorsoanterior region of the chorionic eggshell, which is synthesized by the follicle cells (Hinton, 1969; Spradling, 1993) . There is remarkable diversity in DA morphology among species, including in their size, shape, and number, although these characteristics are stereotyped within each species (Kambysellis and Craddock, 1997; Patterson and Stone, 1952; Throckmorton, 1962) .
The mechanisms of DA formation have been extensively studied in D. melanogaster, whose eggshell has two-DAs ( Fig. 2A) (Berg, 2005) . In this species, the position and number of the DAs are controlled by complex intracellular signaling events that involve the epidermal growth factor receptor (EGFR), Decapentaplegic, and Notch signaling pathways (Berg, 2005; Peri and Roth, 2000; Perrimon and Duffy, 1998; Stevens, 1998; Twombly et al., 1996; Ward et al., 2006; Yakoby et al., 2008) .
The roles of EGFR signaling in DA formation are especially well understood. In stage 8 of oogenesis, Gurken (Grk), a transforming growth factor-a (TGF-a) homolog expressed by the oocyte, binds the EGFR in the overlying somatic follicle cells (Gonzalez-Reyes et al., 1995; Neuman-Silberberg and Schupbach, 1993; Price et al., 1989; Sapir et al., 1998; Schupbach, 1987) . This activates EGFR signaling that involves the Ras/Raf/MAPK downstream pathway, resulting in the expression of rhomboid (rho) (Ruohola-Baker et al., 1993) , which encodes a membrane-bound serine protease that cleaves the precursor to the EGFR ligand Spitz (Spi) (Bier et al., 1990; Urban et al., 2001) . grk then becomes unimportant for the activation of EGFR signaling in the follicle cells (Peri et al., 1999) . The processed Spi activates the EGFR in the adjacent follicle cells (Sapir et al., 1998; Schweitzer et al., 1995b; Wasserman and Freeman, 1998) . Initially, this autocrine amplification by Spi activates EGFR signaling in the dorsoanterior region of the follicle cells with a single peak of EGFR signaling activity at the dorsal midline (Perrimon and Duffy, 1998; Wasserman and Freeman, 1998) . When the signal is amplified to the threshold required to induce argos (aos) expression at stage 11, aos starts to be expressed in the dorsal midline of the follicle cells as well (Freeman et al., 1992; Queenan et al., 1997; Wasserman and Freeman, 1998) . aos encodes a negative regulator of EGFR signaling, Aos, which inhibits signaling at the dorsal midline by directly binding and sequestering active Spi (Klein et al., 2004) . However, the EGFR signaling activity and the expression of rho are suppressed in the dorsal midline before the start of aos expression (Nakamura and Matsuno, 2003; Wasserman and Freeman, 1998) . Therefore, inhibitors of EGFR signaling encoded by other genes, which are expressed in the dorsal midline, such as sprouty and kekkon-1, are probably also involved in this inhibition (Ghiglione et al., 1999; Hacohen et al., 1998; Kramer et al., 1999; Reich et al., 1999) . The resulting signaling profile has twin peaks that eventually specify the positioning of the DAs at stages 12-14 (Peri et al., 1999; Schweitzer et al., 1995a; Wasserman and Freeman, 1998) . Thereafter, through a series of cell-shape changes and movements, the two regions of the follicle cells that correspond to the peaks of EGFR signaling activity eventually form the DAs (Wasserman and Freeman, 1998) .
Our previous study demonstrated that the numbers and positions of the DAs correspond to the regions of activated EGFR signaling in the follicle cells of D. melanogaster and D. virilis, which have two-DA and four-DA eggshells, respectively (Nakamura and Matsuno, 2003) . In these species, the rho expression patterns correlate well with the EGFR signaling activation, as predicted from its biochemical roles (Nakamura and Matsuno, 2003) . As we reported previously, the rho expression pattern in D. melanogaster forms an ''L-shaped'' stripe on either side of the dorsal midline at stage 10B (Fig. 1A ) (Nakamura and Matsuno, 2003; Peri et al., 1999; Ruohola-Baker et al., 1993; Sapir et al., 1998; Wasserman and Freeman, 1998) . Subsequently, its expression is refined into a pair of domains at stage 12 ( Fig. 1B) (Nakamura and Matsuno, 2003) . In contrast, in D. virilis, the rho expression pattern is a ''V-shaped'' stripe with its apex missing, at stage 10B (Fig. 1C) that is restricted to four domains at stage 12 ( Fig. 1D ) (Nakamura and Matsuno, 2003) . In these two species, the regions of follicle cells that form the DAs coincide with the rho-expressing domains, suggesting that the regulation of rho transcription is important for the diversification of DA numbers (Nakamura and Matsuno, 2003) . However, the activities of the rho enhancers do not diverge significantly between these species (Nakamura et al., 2007) . Rather, the global balance of trans-acting factors that regulate rho, that is, the landscape of these factors, was probably crucial to the evolutionary divergence of the DA numbers (Nakamura et al., 2007) .
In this study, we attempted to define the general properties of the EGFR signal activation in each of three Drosophila subgenera: Drosophila, Sophophora, and Dorsilopha. The patterns of EGFR signaling activation were explored in a large number of species in these subgenera, which have two to four-DAs. The EGFR signal activation patterns were the same in the species of each subgenus (with a few exceptions, detailed below). In addition, distinct patterns of EGFR signaling activity were found in each subgenus, and these patterns were consistent with the phylogenetic relationships among the subgenera and with the number of DAs. We also found an example of homoplastic evolution that led to the two-DA characteristic in species of subgenera Drosophila and Sophophora. Our results suggest that multiple independent evolutionary events that allowed four-DA ancestors to give rise to two-DA species could be attributable to independently occurring modifications of the EGFR signaling pathway.
Results

2.1.
The independent evolution of two-DAs from four-DAs occurred at least twice As shown in Fig. 2 , the genus Drosophila has two major subgenera, Sophophora and Drosophila, which split 40-60 million years ago (Powell, 1997) . Subgenus Dorsilopha also belongs to genus Drosophila, although it is composed of only three known species, and of them only D. busckii has been characterized well ( Fig. 2F) (Sturtevant, 1942; Toda, 1986) . All Sophophora species, including D. melanogaster, have eggshells with two-DAs ( Fig. 2A) , while most Drosophila species, including D. virilis, and the representative species of Dorsilopha, D. busckii, have four-DAs ( Fig. 2F and G) (Throckmorton, 1962) . The outgroups of genus Drosophila, for example, Hirtodrosophila and Liodrosophila, often have four-DA eggshells, indicating that the four-DA characteristic is ancestral (Okada, 1968; Throckmorton, 1962) . As exceptions among the species of subgenus Drosophila, D. phalerata, and D. guttifera have three-DA eggshells, which are evolutionarily derived from the four-DA ancestors ( Fig. 2K and data not shown) .
Although D. melanica belongs to the subgenus Drosophila, it is an exception in that its eggshell has two-DAs (Fig. 2J) . Therefore, the subgenus Sophophora species and D. melanica independently acquired their two-DA characteristics from their distinct four-DA characteristic ancestors. Although it is not clear whether these two-DA characteristics were the consequence of similar adaptations to common environments, the evolution of the two-DA characteristic that occurred in Sophophora species and D. melanica is an example of evolutionary homoplasy.
2.2.
EGFR signaling activation can be classified into two patterns, which correlate with the DA number of each subgenus
To understand how D. melanica and subgenus Sophophora species independently acquired their two-DA eggshells, we first needed to determine whether each phylogenetic group showed a distinct EGFR signal activation pattern that corresponded to the number of DAs: i.e., four-DAs in Drosophila and Dorsilopha species and two-DAs in Sophophora species. Therefore, we studied the distribution patterns of an activated MAPK, which is an essential downstream component for transducing the signal from the activated EGFR to the nucleus, in the follicle cells of various species in the genus Drosophila (Gabay et al., 1997a; Gabay et al., 1997b; Seger and Krebs, 1995) . In this study, we examined D. melanogaster, D. ananassae, D. pseudoobscura, D. willistoni, and D. saltans of the subgenus Sophophora (Fig. 3) , D. busckii of the subgenus Dorsilopha (Fig. 5) (Figs. 4 and 6) .
Interestingly, species belonging to each subgenus showed very similar distribution patterns of the activated MAPK in the follicular epithelium, although the conserved features of its distribution diverged significantly between the subgenera with two-DA vs. four-DA eggshells. In the species of subgenus Sophophora, MAPK activation could first be detected along the dorsal midline of the follicular epithelium at stage 9/10 (from stage 9 to 10) ( Fig. 3A , E, I, M, and Q). At stage 10A, MAPK was activated in two dorsolateral patches of the follicular epithelium, excluding a triangular region that probably overlay the domain of high Grk concentration near the oocyte nucleus, as reported for D. melanogaster (Fig. 3B , F, J, N, and R) (Neuman-Silberberg and Schupbach, 1993; Nilson and Schupbach, 1999; Peri et al., 1999; Wasserman and Freeman, 1998) . At stage 10B, MAPK was activated in two unique L-shaped domains at the dorsoanterior region of the follicular epithelium, but was not detected at the posterior regions (Fig. 3C , G, K, O, and S). This L-shaped pattern became clear at slightly different stages among the species. For example, in D. willistoni and D. saltans, this pattern was obvious at late stage 10B ( Fig. 3O and S), whereas it became clear at early stage 10B in the rest of the species (Fig. 3C , G, and K). Finally, at stage 12, MAPK activation was observed in two dorsoante- rior patches in the follicular epithelium, which presumably form the two-DAs later, as is known to occur in D. melanogaster, although a connection between MAPK activation and DA formation has not been shown directly in any other subgenus Sophophora species (Fig. 3D , H, L, P, and T) (Wasserman and Freeman, 1998 ).
In the subgenus Drosophila, the distribution pattern of activated MAPK in the follicular epithelium was common among the species, but differed significantly from that seen in subgenus Sophophora from stage 10B. In subgenus Drosophila, as in Sophophora, MAPK was activated along the dorsal midline at stage 9/10 ( Fig. 4A , E, I, M, Q, and U), suggesting that this portion of the pattern was evolutionarily conserved between these two subgenera. At stage 10A, activated MAPK was strongly detected in two dorsolateral patches but suppressed in a triangular region at the anterior midline (Fig. 4B, F , J, N, R, and V). Overall, the patterns of MAPK activation were similar among the species of subgenus Drosophila, although the ratio of the sides and the size of the triangle differed among the species. For example, D. nasuta had large triangle (Fig. 4V ) compared with D. virilis. In D. funebris, a broad swath of MAPK activity was missing in the dorsal region (Fig. 4R) .
Previous analyses demonstrated that the detailed pattern of MAPK activation in D. virilis (subgenus Drosophila) diverged from that in D. melanogaster (subgenus Sophophora) at this stage (Nakamura and Matsuno, 2003; Peri et al., 1999) . However, in the current study, more comprehensive comparisons revealed that the MAPK was generally activated in a pair of dorsolateral patches in these two subgenera at this stage, except for a few three-DA species in the subgenus Drosophila (see below). After stage 10A, the MAPK activation pattern was significantly different between the subgenera Drosophila and Sophophora. At stage 10B, MAPK was continuously suppressed in the triangular region at the anterior midline in subgenus Drosophila (Fig. 4C , G, K, O, S, and W), and the MAPK activation in the dorsolateral regions was repressed posteriorly, thus reducing the width of the MAPK activation domains (Fig. 4C , G, K, O, and W), with the exception of D. funebris (Fig. 4S) . Although the detailed configurations of the MAPK activation domains at stage 10B showed some differences among species, we refer to these patterns as ''V-shaped.'' In contrast, in subgenus Sophophora, MAPK was activated in Lshaped domains at either side of the midline at the same stage (Fig. 3C, G, K, O, and S) .
The eventual number of DAs was predictable at stage 12, when one group of the cells belonging to the MAPK activation domain on each side of the midline divided into two distinct anterolateral domains, in subgenus Drosophila (except for D. melanica; Fig. 4D , H, L, T, and X, insets at the lower right). In D. melanogaster, the interruption of a MAPK activation domain by a somatic clone of a Ras mutation was reported to result in the formation of fragmented DAs (James et al., 2002) . Based on this observation, we speculated that a single DA is formed from each MAPK activation domain, which, in the four-DA species of the subgenus Drosophila, are created by the splitting of a single dorsolateral MAPK activation domain into two on each side of the midline. In contrast, in subgenus Sophophora, the bilateral activated MAPK domains did not divide, but remained as a single cluster of follicle cells on each side of the midline, which is consistent with its two-DA characteristic (Fig. 3D , H, L, P, and T).
Subgenus Dorsilopha is another member of genus Drosophila (Fig. 2F) (Remsen and O'Grady, 2002) . As a representative species of this subgenus, we studied the activation pattern of MAPK in D. busckii (Fig. 5) . At stage 9/10, as with the other subgenera studied, MAPK was activated in the anterior midline of the follicular epithelium (Fig. 5A) . Therefore, this pattern of MAPK activation at stage 9/10 is evolutionarily conserved among all the examined species of genus Drosophila. From stage 10A to 12, the MAPK activation pattern was similar to that of species in the subgenus Drosophila (Fig. 5B-D) , which is consistent with the four-DA eggshells seen in subgenera Dorsilopha and Drosophila, even though Dorsilopha is phylogenetically closer to Sophophora than to Drosophila (Fig. 2) . At stage 12, MAPK was activated in four domains of the dorsoanterior follicle cells in D. busckii, consistent with the number of DAs in this species (Fig. 5D , inset at the lower right).
MAPK was activated in three domains in three-DA species of subgenus Drosophila
In subgenus Drosophila, two species, D. phalerata and D. guttifera, which are closely related and belong to a common phylogenetic group (Spicer and Jaenike, 1996) , have eggshells with three-DAs (Fig. 2K and data not shown) . To elucidate how EGFR signaling leads to the formation of three-DAs, we studied the pattern of MAPK activation in the follicle cells of these two species. In D. phalerata and D. guttifera, MAPK was initially activated along the dorsal midline of the follicular epithelium at stage 9/10 ( Fig. 6A and E) , consistent with an evolutionarily conserved origin of this pattern. However, these two species showed a unique activation pattern of MAPK after stage 10A. In these species, MAPK was activated in a broad domain covering most of the dorsal half of the anterior follicular epithelium at stages 10A and 10B (Fig. 6B, F and C, G) . At stage 12, MAPK was activated in three distinct groups of follicle cells: two dorsolateral domains and one large dorsal domain ( Fig. 6D and H, insets at the lower right). These results suggest that the activity of EGFR signaling is not inhibited along the dorsal midline during any stage of oogenesis in these two species, which is not the case in the two-and four-DA species. These three groups of cells probably correspond to the regions of the follicular epithelium that forms the DAs (Fig. 6D and H , insets at the lower right). Therefore, in every species belonging to the genus Drosophila examined in this study, the numbers and positions of the MAPK activation domains correlated well with those of the DAs.
2.4.
Drosophila melanica showed an unusual MAPK activation pattern that could explain its two-DA characteristic
We next investigated the MAPK activation pattern of D. melanica, which exceptionally has a two-DA characteristic even though it belongs to the subgenus Drosophila. We carried out comparative studies between D. melanica and other species to learn how it acquired its two-DA characteristic independent of the species in subgenus Sophophora. We found that the MAPK activation pattern in the follicle cells of D. melanica was similar to that of other species in the subgenus Drosophila through stage 10B (Fig. 4M-O) . In particular, at stage 10B, D. melanica showed the subgenus-specific V-shaped MAPK activation pattern (Fig. 4O) . Thus, the MAPK activation pattern of D. melanica was consistent with its phylogenetic position, although these linear domains of MAPK activation were shorter anteriorly than those of other subgenus Drosophila species. At stage 12, however, D. melanica showed a MAPK activation pattern that was uncharacteristic of the subgenus Drosophila. Although in the four-DA species of the subgenus Drosophila, each MAPK activation domain split into two domains (Fig. 4D , H, L, T, and X, insets at the lower right), in D. melanica, the MAPK activation on each side of the midline was maintained as a single large region (Fig. 4P , inset at the lower right). Thus, D. melanica shows only two MAPK activation domains, which is consistent with our observation that the number of MAPK activation domains formed at stage 12 correlates with the number of DAs. Importantly, the MAPK activation pattern at stage 10B of D. melanica was quite different from that seen in species of subgenus Sophophora, although all of these species have eggshells with two-DAs.
2.5.
The genetic cascade regulating EGFR signaling is conserved in D. melanica during the formation of the DAs Despite the difference in MAPK activation patterns between D. melanogaster and D. virilis (of subgenera Sophophora and Drosophila, respectively), the feedback loop for EGFR signaling seems to be conserved between them (Nakamura and Matsuno, 2003) . To confirm and extend this observation, we next investigated whether the EGFR signaling pathway b associated with the formation of DAs was also conserved in D. melanica. rho plays a crucial role in the positive feedback loop of EGFR signaling in the follicle cells (Sapir et al., 1998; Wasserman and Freeman, 1998) . Therefore, we cloned a partial rho cDNA from D. melanica, by performing a degenerate PCR and RACE. The alignment of the predicted amino acid sequences of D. melanica Rho with orthologs from other Drosophila species, D. melanogaster and D. virilis, showed 92% identity between D. melanica and D. melanogaster, and 95% identity between D. melanica and D. virilis (Fig. 7A) . The greater identity between the D. melanica and D. virilis Rho amino acid sequences is consistent with D. melanica being more closely related to D. virilis phylogenetically (compare Fig. 2J with A and G). In the predicted transmembrane domains, indicated by dotted lines in Fig. 7A , the amino acid sequences were highly conserved among the three species. This suggests that the function of Rho, which cleaves Spi, is also conserved among them Schweitzer et al., 1995b; Urban et al., 2001) .
We next analyzed the rho expression pattern in the follicle cells of D. melanica. rho was first detected at stage 10A, in two lateral domains (Fig. 7B, a and a 0 ), consistent with previous findings that rho expression begins at stage 10A in D. virilis and D. melanogaster (Nakamura et al., 2007; Nakamura and Matsuno, 2003) . At stage 10B, the rho expression pattern adopted a V-shape with its apex missing (Fig. 7B, b and b 0 ), suggesting that rho was suppressed in the posterior region. At stage 11, rho expression was located even more anteriorly (Fig. 7B, c and c  0 ) . By stage 12, rho was expressed in two dorsoanterior domains (Fig. 7B, d and d  0 ) , which corresponded to the two regions of the follicular epithelium where MAPK was activated (Fig. 4P) . Our previous comparative study on D. melanogaster and D. virilis showed that the rho expression patterns correlated well with those of MAPK activation after stage 10 (Nakamura and Matsuno, 2003) . Similarly, in D. melanica, the rho expression pattern corresponded very well with that of MAPK activation. These results suggest that the feedback loop that regulates EGFR signaling during the formation of the DAs is evolutionarily conserved among species of the Drosophila genus. The rho expression patterns of D. melanogaster, D. virilis, and D. melanica are schematized in Fig. 7C . As in the case of activated MAPK, the rho expression pattern of D. melanica was more similar to that of D. virilis than that of D. melanogaster, as predicted from their phylogenetic positions (Fig. 7C ).
Discussion
Grk-dependent activation of EGFR signaling in the follicle cells is evolutionarily conserved in the Drosophila genus
In this study, we examined the patterns of MAPK activation in the follicle cells during oogenesis in five, eight, and one species belonging to subgenera Sophophora, Drosophila, and Dorsilopha, respectively. Our comparative analyses revealed that MAPK was activated in a very similar pattern at the initial stages in all species examined, regardless of the DA numbers that eventually formed on their eggshells. MAPK activation was first detected at the dorsal midline of the Fig. 8 -Homoplastic evolution of the two-DA characteristic could be associated with distinct changes in EGFR signaling activation patterns. In species of subgenus Sophophora (C), EGFR signaling is activated in two L-shaped domains (A), and finally, in two dorsoanterior domains (B). In D. melanica (F), which acquired the two-DA characteristic independent of the species of subgenus Sophophora, EGFR signaling is activated in a V-shaped pattern (D), and finally, in two dorsoanterior domains (E). In the examined species of subgenus Drosophila, except for D. melanica and the three-DA species (I), EGFR signaling is ultimately activated in four domains (H), via the V-shaped pattern (G).
follicle cells in all of the examined species of the Drosophila genus at stage 9/10. In D. melanogaster, Grk is specifically localized to the dorsoanterior midline of the oocyte and activates EGFR signaling in the overlying follicle cells at this stage (Neuman-Silberberg and Schupbach, 1993; Nilson and Schupbach, 1999; Wasserman and Freeman, 1998) . Therefore, the initial activating mechanism for EGFR signaling in the follicle cells is probably conserved among the species of the Drosophila genus. In addition, a mathematical study predicted that changes in the amount and distribution of Grk protein in the oocyte could account for the formation of zero to four-DAs (Shvartsman et al., 2002) . Therefore, it remains possible that the level of MAPK activation in the follicle cells at stage 9/10 differs quantitatively with the number of DAs, because our analysis was mostly qualitative and did not provide the relative values of MAPK's activation level.
3.2.
For subgenera Sophophora and Drosophila, the patterns of EGFR signaling activation reflect the phylogenetic classification
Although the activation patterns of MAPK in follicle cells were evolutionarily conserved in the Drosophila genus through stage 10A, they diverged significantly between subgenus Sophophora and the rest of subgenera from stage 10B. That is, Sophophora showed two ''L-shaped'' MAPK activation domains, but the domains were ''V-shaped'' in the other subgenera. However, among the species of each subgenus, the MAPK activation pattern was very similar, with a few exceptions in subgenus Drosophila exemplified by D. melanica, D. phalerata, and D. guttifera.
Molecular phylogenetic analysis revealed that the subgenus Dorsilopha, which has the V-shaped pattern of MAPK activation, diverged from a common ancestor of subgenus Sophophora. This finding suggests that the two-L-shaped-domains pattern of MAPK activation is a trait derived from the V-shaped MAPK activation pattern. Furthermore, the two-DA characteristic and the two-L-shaped-domains MAPK activation pattern probably co-segregated early in the divergence of subgenus Sophophora. Therefore, it is conceivable that the events responsible for the change from the V-shaped to the two-L-shaped pattern of MAPK activation played a crucial role in the morphological evolution from four to two-DAs. However, it remains unclear whether the two-L-shaped pattern of MAPK activation is prerequisite for the activation domain of EGFR signaling to remain unseparated, which consequently results in the formation of two MAPK activation domains. It is also possible that the crucial step for the development of two-DAs is attributable to the lack of a mechanism for separating the MAPK activation domain into two regions in each lateral half at stage 12, instead of the two-L-shaped pattern of MAPK activation at stage 10B.
3.3.
Distinct patterns of EGFR signal activation are probably associated with the homoplastic evolution of the two-DA characteristic in D. melanica and the Sophophora species
Our present results suggest that modifications in EGFR signaling, which independently occurred in different phylogenetic groups, were responsible for the homoplastic evolution of the two-DA eggshell. As summarized in Fig. 8 , all of the Sophophora species tested here showed two L-shaped MAPK activation domains (Fig. 8A) . On the other hand, the species of subgenus Drosophila, except for the three-DA species, showed a V-shaped MAPK activation domain ( Fig. 8D and G) . By stage 10B, the MAPK activation of D. melanica conformed to the typical V-shaped pattern of subgenus Drosophila (compare Fig. 8D with G) , as predicted from its phylogenetic status. However, after this stage, the pattern of EGFR signaling activation became distinctive among the species of subgenus Drosophila (compare Fig. 8E with H) . In D. melanica, MAPK was not activated in the anterolateral regions at stage 12 (Fig. 8E) , which could account for the two-DA phenotype (Fig. 8F) . Based on the comparison of MAPK activation patterns among the species of subgenus Drosophila, we propose that at least two alterations of MAPK activation patterns account for the absence of MAPK activation in the anterolateral regions. First, in D. melanica, the two linear domains of MAPK activation were shorter than those of the other subgenus Drosophila species at stage 10B, which could result in the lack of MAPK activation in the anterolateral regions at stage 12. Second, the single large MAPK activation domain failed to be divided into two domains in each lateral set of follicle cells at stage 12. However, it is difficult to determine which changes in EGFR signaling activity played crucial roles in the evolution from the four-to two-DA phenotype in these species. Therefore, it remains unclear whether the modifications of EGFR signaling responsible for the acquisition of the two-DA characteristic are similar between D. melanica and the species of subgenus Sophophora, although phylogenetic analyses indicated that these two modifications occurred independently.
We previously showed that aos, a negative regulator of EGFR signaling, is expressed in the regions that are posteriorly juxtaposed to the MAPK activation domains in D. virilis (Nakamura and Matsuno, 2003) . Similarly, other putative negative regulator(s) of EGFR signaling might be expressed in the triangular region at the dorsal midline, where EGFR signaling is suppressed (Derheimer et al., 2004) . Based on these results, we proposed previously that these negative regulators of EGFR signaling might suppress MAPK activation in the middle part of its linear activation domains, resulting in the division of the MAPK activation domain into two in each lateral set of follicle cells (Nakamura and Matsuno, 2003) . Applying this assumption to the other species of subgenus Drosophila, an absence of these inhibitors could be the reason why the MAPK activation domain is not split into two domains, but remains as a single large domain at stage 12 in D. melanica. Alternatively, these negative regulators of EGFR signaling might suppress the MAPK activation in the anterior part of the linear MAPK activation domains, consequently shortening these domains, at stage 10B in this species. These two possible modifications could result in the acquisition of the two-DA characteristic by D. melanica, although there may be other explanations.
3.4.
Possible scenarios explaining homoplastic evolution
Although the developmental basis of homoplastic evolution remains largely unknown, previous studies have provided some insight into the underlying genetic mechanisms. Extensive studies on evolutionary modifications in the pattern of dorsal trichomes in Drosophila larvae revealed that changes in the expression pattern of a single gene, shavenbaby, underlie the observed convergent evolution (Sucena et al., 2003) . Similarly, changes in the cis-regulatory elements of the yellow gene are responsible for independently occurring modifications of similar body-color traits in the subgenus Sophophora (Prud'homme et al., 2006) . Therefore, evolutionary changes occurring in the same gene could account for the homoplastic evolution of animal morphology. On the other hand, it was also reported that the evolution of similar body-color traits can also be achieved by different alterations in the functions or regulation of different genes (Jeong et al., 2006) . Thus, it is important to determine whether the two-DA characteristic was acquired by modifications occurring in the same gene or different genes, or by the same or different modifications of a common gene in D. melanica and the species of subgenus Sophophora. Further comparative studies on the expression patterns of genes that control EGFR signaling activity might provide the information needed to clarify this issue.
During the homoplastic evolution of the two-DA characteristic, the expression pattern of rho diverged. However, we previously found that the functions of the rho enhancers were not altered significantly in the divergence of D. virilis and D. melanogaster (Nakamura et al., 2007) . In addition, our previous results suggested that the global activity of trans-acting factors that regulates the activation of rho genes did change during the evolution of the four-and two-DA characteristics between these two species (Nakamura et al., 2007) . Therefore, it is conceivable that changes in the transcriptional landscape, including divergences in the distributions and/or activation patterns of trans-acting factor(s), could give rise to the independent evolution of similar morphological traits. However, as reported for other examples of homoplastic evolution, it is also possible that modifications of the cis-regulatory elements of a gene that regulates EGFR signaling activity played a crucial role in the evolution of the two-DA phenotype in D. melanica and the species of subgenus Sophophora (Prud 'homme et al., 2006) .
Among the Hawaiian species of Drosophila, one, which lays eggs deep within the breeding substrate (e.g., tree or soil fluxes) has very long and thick DAs; the other species, which simply drop their eggs on surfaces, such as leaves, have extremely short and thin DAs (Kambysellis and Craddock, 1997) . Therefore, the morphologies and numbers of DAs could be adaptations to specific environments. To investigate this issue, it will be important to know whether the homoplastic evolution of the two-DA characteristic is the outcome of adaptation to a common environment. It is interesting to speculate that D. melanica and the species of subgenus Sophophora lay their eggs in similar environments, with the result that these species all acquired a common two-DA phenotype.
4.
Experimental procedures 4.1. Cloning of the rho cDNA from D. melanica
Degenerate PCR primers were designed to amplify the genomic fragments of rho: 5 0 -TAYACNATGCCNGCNCAR-3 0 and 5 0 -YTGYTCYTCCATNARYTG-3 0 (blue arrows in Fig. 7A ).
Y denotes C or T; N denotes A, C, G, or T; and R denotes A or G. Double-stranded cDNA was synthesized using the Marathon cDNA Amplification Kit (Clontech) from total embryonic RNA (1 lg) of D. melanica. The 3 0 -rapid amplification of cDNA ends (RACE) reaction was performed using a gene-specific primer: 5 0 -ATCGACCGGATCGCCGTCTGCAGGTCTGG-3 0 (red arrow in Fig. 7A ) and an adaptor primer (Clontech). The 3 0 -RACE product (a partial cDNA of rho from D. melanica) was inserted into the pGEM-T Easy Vector (Promega). The sequences of the partial cDNAs were determined (GenBank accession number is BANKIT1041044 EU308594).
Immunostaining of the ovary
Ovaries were fixed in 4% paraformaldehyde in PBTw (PBS with 0.1% Tween-20) for 20 min and stored in methanol at À20°C. After rehydration in PBTw and incubation in Block Ace (Dainippon Pharmaceutical), the ovaries were incubated with an anti-activated MAP kinase monoclonal antibody (Sigma, diluted 1:200) overnight at 4°C. The remaining steps were performed as previously described (Gabay et al., 1997a) .
4.3.
RNA in situ hybridization of rho in the ovary A hybridization probe for the rho of D. melanica was generated from a partial cDNA sequence. The RNA probe was labeled with digoxigenin (Roche). In situ hybridization was performed as described (Wasserman and Freeman, 1998) . The oogenesis stages were as described by Spradling (1993) .
